Microstip antenna topology is commonly loaded with a narrow slot to manipulate the resonance frequency or impedance bandwidth. However, the tuning of the resonance frequency or impedance bandwidth results in the variation of the current and field distributions. In this regard, this work adopts the concept of characteristic modes to gain an initial understanding of the perturbation mechanism of the rectangular patch when loaded with a slot. The performance of microstrip antennas with finite ground plane is then studied using full-wave simulation. It has been found that the distribution of the induced current density is highly dependent on the orientation of the slot The incorporation of a narrow slot suppresses the nearby orthogonal eigen mode and, as a consequence, the radiation behaviour is affected.
I. INTRODUCTION
The last two decades have witnessed an exponential growth and tremendous developments in antenna technologies and techniques, and their associated applications, such as those reported in [1] - [44] . Being an integral part of the cellular phone, antenna's near-field exposure on biological tissues is a major concern for the antenna designers. RF exposure induced by the GSM mobile phone has been studied using statistical modelling in [45] . A numerical technique has also been proposed to determine the RF exposure effects on a human head due to a cellphone equipped with a dual-band monopole-helix antenna [46] . In a similar way, various statistical and experimental studies were carried out to assess the impact of mobile radiation on nearby biological tissues [47] [48] [49] . Recently, modal analysis technique has been adopted for predicting the frequency of maximum RF exposure [50] [51] . Therefore, the antenna geometry should be designed in a way such that it maintains a certain threshold of RF energy absorption by the biological tissues commonly characterized by the SAR value [52] [53] .
Antenna design in the presence of nearby biological tissues involves three main aspects. The first is to select the optimum frequency for maximum power transfer, as rigorously studied in [54] . The second is to focus the radiated field or SAR distribution towards a desired direction [55] [56] . The third and last aspect, is to miniaturize the design while maintaining the desired radiation characteristics in the desired frequency of operation. Miniaturization of the design is achieved by incorporating electromagnetic band gap (EBG) structures [57] or slot elements [58] in the topology of the antenna. The latter technique is the focus of this report.
Slot loading of is a popular technique used by the antenna designers to manipulate resonance frequency [59] , enhance impedance bandwidth [60] , or reduce side-lobe level [61] . The principle behind slot loading technique is to manipulate the radiation behaviour which is directly controlled by the current density vector induced on the surface or volume of the radiating antenna. In this regard, a proper analysis is required to study the effect of slot loading on the radiated field and SAR. In the literature, slot loading phenomena has been discussed following three approaches: cavity modelling [61] , method of moment (MoM) technique [62] , and transmission line theory [58] . Recently, a modal approach based on characterisitc mode analysis (CMA) has been employed to study the effect of slot loading [63] [64] . Characteristic mode theory was initially developed to determine the induced current vector using generalized eigen-decomposition of the MoM impedance matrix. If Galerkin's method is followed in the electric field integral equation (EFIE) formulation, the MoM impedance matrix becomes symmetric [65] . Generalized characteristic equation of the MoM matrix provides the eigen-values and the characteristic current eigen-modes. As shown in [65] and [51] , these eigen-values can predict the resonance frequency of the antenna structure. The amount of outward radiated power is also directly dependent on the eigen-modes and eigen-values. Unlike the conventional MoM technique, computation of these eigen parameters is independent of the excitation vector. It depends only on the operating frequency, and on the physical and geometrical properties of the radiating structure. Hence, with the knowledge of excitation-independent eigen-current distribution, one can perturb the radiating structure topology to achieve a desired radiation pattern. Such advantageous scopes of the CMA are found to be recently exploited in controlling the higher order modes [66] and radar cross section [67] respectively. This report aims to extend the previously reported modal approach of [63] [64] , for perturbing the horizontal radiation in the near field of the radiating structure, such that the RF exposure on the on the nearby biological tissues is adjusted.
The report is organized as follows: Section II starts by describing the characteristic mode analysis, then considers a rectangular geometry to study the perturbation of modal current density due to the loading of narrow slots. Section III explores the method further with full-wave examples and corresponding analysis of the SAR distribution Finally, conclusions are given in Section IV..
II. MODAL ANALYSIS
For the sake of initial understanding, let us consider a perfect electrically conducting (PEC) radiating element with no internal resonance. The outward unit vector normal to the surface of the antenna is denoted byn. E i is the excitation field vector of the antenna. J is the surface current density vector induced on the surface S of the antenna. Following the field boundary conditions on the surface S [65] ,
The permittivity, permeability and wave-number of the free-space medium are represented by µ, and k respectively. The integral equation of (1a)-(1d) can be converted into equivalent matrix form using the method of moment (MoM) technique [65] as,
The MoM impedance matrix is denoted by [Z] and the column vector [V ] consists of the weighting coefficients generated due to the inner product of the excitation vector E i and M number of basis functions f m . Using the CMA of [65] , the weighting vector [I] of the induced current can be written as
and the m th characteristic current mode J m will be
The m th eigenvector [I m ] and eigenvalue λ m can be obtained through the generalised eigen decomposition of the impedance matrix [Z] as,
If Galerkin's matching is followed in computing the [Z] matrix, both [R] and [X] will be real symmetric.
So the eigen pair ([I m ], λ m ) of (5) will be necessarily real valued. However it can be noted from [51] that the lossy structures will have complex eigenvectors and eigenvalues. Following the orthogonal properties of the eigenvectors of (5), it can be written that
The Hermitian transpose operation is denoted by "H". for the lossless structures, it will turn out to be as transposition operation. The modal significance of the m th eigenmode is denoted by
Following the complex -power balance relation of [65] , the power radiated by the m th mode can be defined as,
Total radiated power at a certain frequency,say,f 0 will be a weighted sum of all individual modal power,
Now, let's come back to the first two design objectives as stated in the initial part of the previous section.
It can be noted from (8) that the outward radiated power P R,m is inversely related to the eigenvalue λ m of the corresponding mode. As λ m tends towards 0, corresponding modal significance M S m of (7) and radiated power P R,m of (9) will be higher. Similarly when the antenna is used in the receiving end, real power of the pointing vectors provides P R,m as the received real power. So, if the excitation vector is restricted to a very finite region compared to the total geometry of the antenna structure, the optimal frequency of maximum radiation can be approximated following the minima of the corresponding eigenvalue.
On the other hand, total radiated power consists of the contribution from all modes in (9) . To align the field distribution along a certain direction or to achieve a desired SAR distribution, it is required mode. Ideal resonance criterion is defined by zero reactive power,in other words, λ m = 0. So, the dominant eigenmodes are commonly determined using the modal significance parameter M S m of (7).
The next discussion shows how the modal characteristics vary due to loading of narrow slot. For the purpose of illustration, let us consider a rectangular PEC plate in Fig.1(a) . The plate loaded with narrow slot is shown in Fig.1(b) .
The eigenmodes have been computed in MATLAB [68] following [65] and [69] with RWG basis functions. Sorting the modes following (7), the 1 st two dominant eigen current modes at f = 2.4
GHz have been plotted in Figs X-polarised edge mode of Fig.2(f) .
As the loading of slot modify the current distribution, corresponding field distribution will also change. The SAR distribution on a nearby object is directly related to the electric field as
The nearby object will experience the incident field E contributed by the antenna structure. 
III. FULL-WAVE ANALYSIS
For the full-wave study, two different case studies have been considered with probe-feeding and microstrip line feeding arrangement. For each case, the patch dimensions have been assumed to be same as of Figs. 1(a) and 1(b) . The patch surface is lying 1.57 mm above the lossless Roger substrate with the dielectric permittivity of 2.2. The tissue is placed parallel to the XZ-plane with the Y-separation of 2 mm from the substrate edge of the antenna as shown in Fig. 5 .
A. Probe-fed Patch
The dimension of the ground plane is assumed to be 83.6 mm × 71.5 mm for tuning the reference antenna around 2.4 GHz using Ansys Design Kit. The antenna has been excited by co-axial probe feeding at (x f = 2 mm, y f = 8.05 mm, z f = 1.57 mm). The current distribution induced on the patch surface of the reference antenna is shown in Fig. 6(a) where the the current is found to be Y-polarised. Following the previous modal discussion, if it is desired to suppress this Y-polarised current density, the narrow slot needs to be aligned along the orthogonal direction, i.e., along the X-axis. So for the sake of comparison, two examples have been studied with the X-directed and Y-directed slots on the patch surface. The feed location has been taken as same of the reference probe-fed patch. As obvious in Fig. 6(a) , the orthogonal orientation of the slot can perturb the Y-polarised edge mode of Fig. 6(a) into the slot mode. On the other hand, as the slot is oriented parallel to the Y-polarised edge mode, it has negligible impact on the current distribution in Fig. 6(c) . As the slot perturbs the induced current density vector, the impedance characteristics also change in Fig. 6(d) . The change in the equivalent circuit parameters can be computed using the existing analysis of [58] and [63] . The next discussion shows how the perturbation of the current vector becomes reflected in the near field and and corresponding SAR distribution.
To understand the change in horizontal radiation, the near field at the same offset distance from two edges are reported in Figs Following [52] , the material properties of the tissue model have been given in Table I where the thickness of the corresponding layer is denoted by d in mm. The electrical conductivity, relative permittivity and mass density of the layers are denoted by ρ, r and σ in Table I . Since the tissue layer is placed with very close electrical distance (0.016λ 0 , λ 0 being the free-space wavelength at f = 2.4 GHz) from the antenna element, it lies in the radiative near field region at f = 2.4 GHz. Being placed at horizontal separation, the tissue will be coupled by the horizontal radiation components. The electromagnetic exposure of the tissue layer can be characterised by specific absorption rate (SAR) parameter of (10). The incident field on the tissue is directly related to the induced characteristic modes of the antenna which vary its nature due to orientation of the narrow slot. The field emerging out of the radiating patch antenna will experience multiple reflection and scattering from the tissue layer. As a consequence, the SAR distribution on the tissue will be perturbed accordingly. Apart from the induced field E o , effective amount of the SAR value is also dependent on ρ and σ. Table II 
B. Microstrip line fed Patch
Similar patch elements have been considered but with microstrip line feeding arrangement. Using
Ansys Design Kit, the feed-line of the reference antenna is tuned to 2.4 GHz with the same dimension of the radiating patch. The dimension of the ground plane is considered to be 83.6 mm × 156 mm.
The current distribution have been compared in Figs. 10(a)-10(c) . Similar to the probe-fed examples, the X-directed slot is found to suppress the Y-polarised edge mode of Fig. 10(a) . The impedance matching behaviour is also influenced by the orientation of the slot in Fig. 10(d) . As shown in Figs. 11(a) and 11(b), the near field due to the horizontal radiation is also decreased by the orthogonal slot. Henceforth, the intuitive hints provided by the characteristic mode analysis is valid for both types of feeding arrangements. The impacts of the current perturbation on the resultant SAR distribution have been studied in Fig.13 (a)-13(f) for both skin and fat tissue layers. As shown in Fig.13 (c) and 13(d), the X-directed slot reduces the SAR value compared to the reference antennas of Fig.13 (a) and 13(b). The nature of distribution is also changed as there appears a concentric maxima around the centre for the X-directed slot. However, for the Y-directed slot, other constitutive parameters like σ and ρ also control the variation of SAR following (10) . As a consequence, the SAR value is enhanced by the Y-slot for the skin layer where as for the fat layer, it is slightly increased. Comparison of the maximum SAR values of the line fed antennas have been reported in Table III . The impacts of X-directed slot is found to be maximum for the microstrip line feeding with respect to the probe feeding because the direction of the current in the feed line is parallel to the target Y-polarised edge mode of the antenna. So the modal weighting coefficient α n of (3) In general, the characteristic mode analysis is found to provide systematic guideline for maintaining the radiated signal's polarization requirement and SAR distribution along a desired direction. For arbitrary orientation of the current distribution, the procedure of slot loading has been included in Fig. 14.
IV. CONCLUSION
This work explored the impacts of slot loading in rectangular patch antennas. Initially characteristic mode analysis of the radiating structures were performed to understand the perturbation in the current and field distribution. Later full-wave study had been carried out to investigate the loading effects on the electromagnetic energy absorption by biological tissues placed in the near field region. It was found that the prior knowledge of the characteristic modes of the radiating geometry can provide suitable information about the arrangement of the narrow slot for reducing the SAR value of the neighbouring tissues. The orientation of the slot is found to determine the amount of maximum radiation in a particular direction.
Such important feature of the CMA can be further utilised for focussing the power of the wireless power transfer system to a target region of interest.
